Introduction
Two-pore domain potassium channels (K2P) are 4-transmembrane-spanning and two-pore-forming domain proteins (1) that contribute to resting membrane potential in excitable tissue (2) . Two K2P subfamily members, TWIK-related acid-sensitive potassium channel (TASK) and TWIK-related potassium channel (TREK) channels, are highly expressed in human cardiac tissue (3) and implicated in cardiac arrhythmogenesis (4) . TREK channels, which are present in atrial (5) and ventricular tissue (6, 7) , have been of marked interest because of their role in cardiac chronotropic function (8) , dynamic modulation by adrenergic signaling (9) , and biomechanical stretch (10) . Recent work has identified K2P channels as significant modulators of Drosophila diastolic function (11) . However, the impact of TREK channels on mammalian ventricular systolic and diastolic function is unknown.
Cardiac hypertrophy and concomitant cardiac fibrosis are frequently associated with the development of congestive heart failure, particularly heart failure with preserved ejection fraction (HFpEF), which is associated with significant mortality (12, 13) . HFpEF patients frequently exhibit left ventricular (LV) geometry, characterized by normal end-diastolic volume and concentric cardiac hypertrophy (14, 15) . This structural phenotype is closely associated with the development of diastolic dysfunction (16, 17) , manifested as abnormalities in both active myocardial relaxation (18) and ventricular distensibility (19) (20) (21) . The latter is thought to arise from a combination of myocyte stiffness and increased myocardial fibrosis (22) .
The development of cardiac fibrosis has long been considered a pathological process associated with cardiac hypertrophy and diastolic dysfunction (23) . While cardiac fibrosis develops in response to tissue injury and is necessary for healing (24) , excessive fibrosis can disrupt normal cardiac architecture and result in enhanced arrhythmogenesis (25) , impaired vasomotor function (26) , and abnormal ventricular function (27) . In turn, these pathologic changes form the substrate for increased sudden cardiac death and progressive heart failure mortality (28, 29) . There is a growing literature describing biochemical crosstalk between cardiac myocytes and fibroblasts that influence both cardiac morphology and function (30) . K2P channels have been implicated in diastolic function in Drosophila; however, the contribution of K2P channels in mammalian cardiac function is unknown. Here, we show that the K2P channel TREK-1 (also known Kcnk2) is a key modulator of both cardiac hypertrophy and diastolic function through distinct effects on both cardiac myocytes and fibroblasts.
Results

Drosophila genetic screen identifies sandman as a cardiomyopathy-causing gene.
We performed a genetic screen to identify genes that alter cardiac function in adult Drosophila and identified an enlarged cardiac chamber size and reduced fractional shortening (FS) corresponding to Df(2R)Exel7094, a heterozygous genomic deficiency of chromosome 2R ( Figure 1A) . Drosophila harboring the overlapping genomic deficiencies Df(2R)Exel6055 and Df(2R) Exel7095 had normal cardiac chamber dimensions, thereby refining the candidate region to approximately 60 kb, which encoded 13 genes ( Figure 1A) . A mutant with a P-element that disrupted sandman, PBacsandman00867, phenocopied Df(2R)Exel7094 (Figure 1 , B-E). Additionally, the ubiquitous or cardiac-specific expression of a cDNA encoding sandman using an actin-Gal4 or tinC-Gal4 driver, respectively, prevented the cardiac phenotype observed with Df(2R) Cardiac two-pore domain potassium channels (K2P) exist in organisms from Drosophila to humans; however, their role in cardiac function is not known. We identified a K2P gene, CG8713 (sandman), in a Drosophila genetic screen and show that sandman is critical to cardiac function. Mice lacking an ortholog of sandman, TWIK-related potassium channel (TREK-1, also known Kcnk2), exhibit exaggerated pressure overload-induced concentric hypertrophy and alterations in fetal gene expression, yet retain preserved systolic and diastolic cardiac function. While cardiomyocyte-specific deletion of TREK-1 in response to in vivo pressure overload resulted in cardiac dysfunction, TREK-1 deletion in fibroblasts prevented deterioration in cardiac function. The absence of pressure overload-induced dysfunction in TREK-1-KO mice was associated with diminished cardiac fibrosis and reduced activation of JNK in cardiomyocytes and fibroblasts. These findings indicate a central role for cardiac fibroblast TREK-1 in the pathogenesis of pressure overload-induced cardiac dysfunction and serve as a conceptual basis for its inhibition as a potential therapy.
The two-pore domain potassium channel TREK-1 mediates cardiac fibrosis and diastolic dysfunction Figure 2A and Supplemental Figure 3) , we examined the contribution of TREK-1 to cardiac responses to chronic pressure overload using transverse aortic constriction (TAC) (32) . In response to TAC, global TREK-1-KO mice developed enhanced concentric hypertrophy ( Figure 2 , A, B, E, and F, and Supplemental Table 2 ), yet cardiac function remained preserved compared with that of WT mice ( (Figure 1 , B-E). These findings are supported by recent work showing that sandman, so named due to effects on Drosophila circadian rhythm (31) , alters Drosophila cardiac function (11) . sandman bears sequence similarity to K2P genes (Supplemental Figure 1 ; supplemental material available online with this article; https://doi. org/10.1172/JCI95945DS1); therefore, we investigated a mammalian ortholog, TREK-1, in the context of mammalian cardiac function.
Loss of function of TREK-1 shows exacerbated cardiac hypertrophy without systolic dysfunction after pressure overload. Global TREK-1-KO mice had reduced cardiac end-diastolic volumes in a basal state, but overall morphology was similar to that of controls (Supplemental Table 1 and Supplemental Table 2 ). Since TREK-1 is activated by biomechanical stretch (10) and TREK-1 gene expression increases KO cardiomyocytes, which is consistent with KO of potassium channel function (Supplemental Figure 5) . Hemodynamic measurements using pressure-volume loop analyses demonstrated that the markedly hypertrophied hearts from global TREK-1-KO mice had enhanced cardiac contractility, calmodulin kinase II (CaMKII) activity, as assessed by phospholamban phosphorylation ( Figure 3 , C and D). Since TREK-1 is a K + channel that can influence resting membrane potential, we recorded K + currents in isolated cardiomyocytes. We found both reduced current and prolonged action potential duration in TREK-1- Figure 5E ) and in vivo cutaneous wound healing were significantly diminished in global TREK-1 mice ( Figure 5F ), indicating a reduction in fibroblast proliferation and migration. There was no significant difference between TREK-1-KO and WT fibroblast transdifferentiation to myofibroblasts (Supplemental Figure 6 ). These data identify significant impairments in the development of both cardiac and noncardiac fibrosis in TREK-1-KO mice.
Fibroblast-specific loss of TREK-1 protects against pressure overload-induced cardiac dysfunction. To determine whether the protective effect of global TREK-1 loss of function is mediated by cardiomyocytes or fibroblasts, we generated cardiomyocyte-specific and fibroblast-specific deletions of TREK-1 and examined the effect of TAC-induced pressure overload. Conditional TREK-1-KO mice were generated using a targeting strategy that deleted the gene segment between exons 2 and 3 ( Figure 6A ). Mice bearing the conditional KO allele (Kcnk2 Figure 6 , B and C, and Supplemental Table 4 ) and ventricular dimensions ( Figure 6D and Supplemental Table 4) after TAC. The preservation of cardiac function and chamber size in tcf21-iCre;Kcnk2 fl/fl mice was associated with significantly less with increased load-independent measures of end-systolic pressure-volume relationship (ESPVR) and maximal elastance compared with that of WT mice after 2 weeks of TAC ( Figure 4 , A, B, and F, and Supplemental Table 3 ). Consistent with the noninvasive echocardiographic measures of improved cardiac function, TREK-1-KO mice showed a 39% increase in stroke work and preserved cardiac output after TAC (Supplemental Table 1 ). In addition to enhanced cardiac contractility, TREK-1-KO mice exhibited a preservation of diastolic function after TAC, as measured by active relaxation with a 32% reduction in the minimum rate of LV pressure change (dP/ dt min ), and cardiac compliance, as measured by a preserved enddiastolic pressure-volume relationship (EDPVR) ( Figure 4 , A-E, and Supplemental Table 3 ). Thus, in response to pathological pressure overload stress, TREK-1-KO mice develop increased concentric hypertrophy and changes in fetal gene expression, but show preserved systolic and diastolic cardiac function.
TREK-1-KO mice show diminished cardiac fibrosis and fibroblast dysfunction.
Since cardiac fibroblasts are abundant noncardiomyocyte cells that are known to influence cardiac function (33), we next assessed whether fibroblast function or cardiac fibrosis was altered in global TREK-1-KO mice. In global TREK-1-KO mice, cardiac compliance, which is significantly influenced by cardiac fibrosis, was preserved despite enhanced cardiac hypertrophy ( Figure 4 , C-E). Both cardiac fibrosis ( Figure 5 , A and B) and fibrosis gene expression ( Figure 5 , C and D) were attenuated in global TREK-1-KO mice after 2 weeks of TAC. We tested to determine whether the lack of fibrotic response was impaired in noncardiac tissue using Figure 7A ) and p38α in TREK-1-KO hearts was similar to that in WT in both ex vivo stretch and in vitro ligand stimulation experiments (Supplemental Figure 7B and Supplemental Figure 8 ).
In addition to these findings, ex vivo stretch in cre-negative Kcnk2 fl/fl ventricles was also found to significantly increase the ratio of the proapoptotic protein Bax and antiapoptotic Bcl-2, suggesting enhanced apoptosis (Supplemental Figure 9 ). This proapoptotic signal was blunted in balloon-stretched aMHC-cre;Kcnk2 fl/fl ventricles and trended toward reduction in tcf21-iCre;Kcnk2 fl/fl , suggesting that the loss of TREK-1 function reduces apoptosis (Supplemental Figure 9) . Taken together, these data show that TREK-1 is necessary for the activation of JNK in response to ex vivo biomechanical stretch and in vivo with ventricular loading following TAC.
interstitial fibrosis when compared with that in pressure-loaded Kcnk2 fl/fl or aMHC-cre;Kcnk2 fl/fl mice ( Figure 6E ). These findings suggest that the cardioprotective effects initially observed in global TREK-1-KO mice are mediated by cardiac fibroblasts.
TREK-1 modulates JNK activation. The impaired fibrotic response suggested that TREK-1 might directly influence signaling pathways that dictate cardiac fibrosis development (34) . Given the high abundance of fibroblasts in cardiac tissue (34), we investigated changes in MAPKs in whole-heart lysates using hearts from global TREK-1-KO and WT mice after TAC. The MAPK/JNK was differentially phosphorylated in TREK-1-KO mice compared with WT mice after 2 weeks of TAC ( Figure 7A ). Indeed, hearts from TREK-1-KO mice exhibited attenuation in the phosphorylation of both JNK and the downstream target of JNK, the transcription factor c-Jun ( Figure 7A ).
Since TREK-1 is known to be stretch sensitive, we tested to determine whether JNK phosphorylation was affected in harvested tissues from TREK-1-KO mice exposed to biomechanical stretch. Using an ex vivo Langendorff preparation, we found that increasing ventricular volumes with balloon inflation in the LV of WT hearts significantly increased whole-heart lysate JNK phosphorylation in comparison with that in perfusion controls, while JNK phosphorylation was attenuated in global TREK-1-KO mice ( Figure 7B ). We assessed the relative contribution of fibroblasts Human variation in TREK-1 is associated with abnormal cardiac morphology. To test whether variation in human TREK-1 is associated with variation in cardiac morphology, we investigated the association of SNPs in TREK-1 with cardiovascular phenotypes in the 9,000 patient CATHGEN human cohort. In European Americans, the intronic SNP rs10494995 (minor allele frequency [MAF] = 0.05) and a cluster of linked SNPs were associated with LV septal wall thickness (SWT) (recessive models, all P < 10 -8
) and LV hypertrophy (LVH) (recessive models, all P < 0.003), with the minor allele associated with more adverse phenotypes ( Figure 9 ). Several intronic SNPs were also significant in African Americans, although the SNPs were different than those in European Americans: rs4556330 was associated with left atrial diameter (MAF = 0.29, recessive model P = 0.0003); rs6540882 was associated with posterior wall thickness (PWT) (MAF = 0.49, dominant model P = 0.001); rs6665177 was associated with SWT (MAF = 0.37, recessive 
Discussion
To date, the influence of TREK-1 on systolic and diastolic cardiac function or the fibrotic response to augmented hemodynamic load is unknown. Here, we show that TREK-1 and the Drosophila ortholog of TREK-1, sandman, are critical to cardiac function and morphology in both invertebrates and vertebrates. Mice with global deletion of TREK-1 show exaggerated pressure overload-induced cardiac hypertrophy and molecular signatures typical of a pathological cardiac phenotype, yet retain preserved in vivo systolic and diastolic cardiac function. Using both cardiomyocyte-specific and fibroblast-specific TREK-1 loss of function, we show that, in response to in vivo pressure overload, deterioration in cardiac function is only prevented when TREK-1 is deleted specifically in fibroblasts. Finally, we show mechanistically that, under conditions of pressure overload, TREK-1 mediates activation of JNK. We propose a model whereby TREK-1-mediated JNK activation with pressure overload acts to limit excessive cardiomyocyte hypertrophy by dampening hypertrophic signaling pathways, while simultaneously promoting fibroblast migration and proliferation, leading to adverse cardiac remodeling ( Figure 10 ). Our working model is supported by previous work in JNK-KO mice showing enhanced hypertrophy (35) , impaired wound healing (36) , and impaired fibroblast migration (37) . Additionally, deficiency of JNK1 is associated with enhanced deterioration of cardiac function after pressure overload (38) , a phenotype similar to what we observed with cardiomyocyte-specific loss of TREK-1 ( Figure 6 ). A critical mechanism responsible for fibrotic responses to injury is myofibroblast Number 11 November 2018 dent vasodilation and nitric oxide production (43) . Recent work has shown that TREK-1, via cAMP-dependent interactions with Popeye domain proteins, is important in heart-rate response with exercise (8) . These effects were further confirmed by recent work using an independently generated TREK-1 conditional KO, which demonstrated sinoatrial node dysfunction (44) . While sinoatrial node function was not assessed in our model, our echocardiography data confirm their findings (44) that aMHC-cre;Kcnk2 fl/fl mice and cre-negative mice have largely similar cardiac function under basal conditions. However, our findings that TREK-1 affects the ventricular diastolic response to injury through its effects on fibrosis raises a new layer of TREK-1-dependent cardiac function modulation that is not dependent on chronotropy.
The hypertrophic phenotype observed in TREK-1-KO mice raises intriguing questions about our current understanding of cardiac hypertrophy and dysfunction. Pressure overload-induced cardiac hypertrophy in TREK-1-KO hearts was associated with reduced α-MHC and increased β-MHC sarcomeric proteins, a pattern that resembles the fetal gene program. Reexpression of fetal genes is a characteristic finding of pressure overload-induced cardiac hypertrophy and typically precedes the onset of cardiac dysfunction (45) . Strikingly, global TREK-1-KO mice exhibit both enhanced concentric hypertrophy and fetal gene activation, yet maintain relatively normal cardiac function. Moreover, increased CAMKII and calcineurin activity, both of which have been associated with deterioration in cardiac function (46, 47) , were also increased in TREK-1-KO mice with preserved systolic and diastolic function. The preservation of cardiac function in TREK-1-KO mice despite the presence of molecular and genetic signatures commonly associated with cardiac dysfunction suggests (a) that the molecular pathways modulating cardiac function can be separated from pathways that drive pathogenic cardiac remodeling and (b) that fibroblasts are critical participants in response to pressure overload, since specific deletion of TREK-1 from fibroblasts confers cardioprotection.
Our study has particular relevance to diseases such as HFpEF, which is frequently associated with both decreased cardiac compliance and concentric hypertrophy. The development of concentric hypertrophy is often accompanied by extracellular matrix deposition or cardiac fibrosis (48) . In experimental models of hypertension, there is an increase in extracellular matrix deposition that occurs early in the development of hypertrophy and is thought to be a beneficial compensation to increased ventricular loading (49) . As hypertension persists and concentric hypertrophy develtransdifferentiation, which has recently been shown to be affected by p38α function (39) . Interestingly, although TREK-1 affects fibroblast migration and proliferation, the transdifferentiation of fibroblasts to myofibroblasts was unaffected by the loss of TREK-1.
While a great deal is known about the electrophysiologic properties of TREK-1, its role in mammalian cardiac function and response to pressure overload has not previously been described. TREK-1 was first identified almost 2 decades ago as a member of two-pore domain potassium channels, a superfamily of potassium channels that have the topology of 4-transmembrane-spanning domains and two-pore-forming domains in tandem (1) . Twopore domain potassium channels, such as TREK-1, are thought to contribute to "background" potassium or "leak" currents and can influence resting membrane potential (2) . However, TREK-1 activity is also modulated by mechanical stretch (10), arachidonic acid (40) , temperature (41) , pH (42) , and G protein-coupled receptor signaling (9) . These findings suggest that TREK-1 may have other functions fundamental to cellular homeostasis apart from the maintenance of resting membrane potential. Indeed, TREK-1 has been shown to be involved in endothelial-depen- approach to improving cardiac mechanics under disease conditions that promote diastolic dysfunction. In summary, we show that the loss of function of the Drosophila potassium channel sandman results in impaired cardiac function in the fly. In mammals, global deletion of the stretch-dependent mammalian ortholog of sandman, TREK-1, prevents the development of systolic and diastolic dysfunction in response to pressure overload despite a phenotype of exaggerated cardiomyocyte hypertrophy and activation of genetic and molecular signatures typically associated with a pathological cardiac state. The influence of TREK-1 on cardiac function is largely driven by its presence in cardiac fibroblasts and its effect on fibroblast function, since conditional deletion of TREK-1 in fibroblasts prevents the functional decline associated with pressure overload injury. This uncoupling of cardiac remodeling and dysfunction is associated with blunted activation of JNK/MAPK in the heart, though additional studies will be required to determine its precise role in promoting cardioprotection in the context of TREK-1 deletion. The relevance of this work to human populations is supported by findings of gene polymorphisms in humans with cardiac hypertrophy, although the effect of these polymorphisms on TREK-1 function will need to be addressed in future studies. Taking these data together, our study identifies a role of TREK-1 on cardiac function and provides insights into how cardiac fibroblasts can influence overall ventricular function under pathogenic conditions. ops, myocyte injury and necrosis are thought to drive additional matrix deposition or "reparative fibrosis" (49) . This later increase in cardiac fibrosis is thought to be a major contributor to diastolic dysfunction, although the relative contribution of either cardiac myocytes or cardiac fibrosis remains controversial (27, 50) . Our work identifying a pathogenic role for fibroblast TREK-1 supports these findings and shows that cardiac fibrosis, not an exaggerated cardiomyocyte hypertrophic response, is the substantial driver of ventricular stiffness. Indeed, these findings may help to explain the relative ineffectiveness of antihypertrophic therapies in conditions frequently associated with concomitant concentric hypertrophy and cardiac fibrosis, such as HFpEF (51). Our findings suggest that therapeutically targeting fibroblast function may be a useful ings were averaged. Mice with an ineffective TAC, defined as either a hemodynamically measured TAC gradient of less than 15 mmHg or an increase in calculated LV mass by echocardiography of less than 10% from baseline, were excluded. Mice were excluded in the following instances: 16 weeks of TAC experiment shown in Figure 2 , 1 WT mouse excluded; 8 weeks of conditional TAC shown in Figure 5 and Supplemental Table 4 Pressure-volume loop analysis. In vivo pressure-volume analysis was performed as previously described (56) . Of note, in animals that had undergone TAC, the ligature in the transverse aorta was carefully cut prior to pressure-volume loop generation. Subsequently, parallel conductance (Vp) was determined by 10 μl injection of 15% saline into the right jugular vein to establish the Vp of the blood pool. The derived Vp was used to correct the pressure-volume loop data. Data were recorded digitally at 1,000 Hz and analyzed with pressure-volume analysis software (PVAN data analysis software version 3.3; Millar Instruments), as previously described (56) . Mice that died after receiving anesthesia or became hypotensive during the course of the protocol, suggesting a surgical complication, were excluded.
Methods
Histologic analyses. Freshly harvested cardiac samples were placed in sucrose/PBS solution at 4°C for 2 to 4 hours, placed in cross-section in OCT (Miles Pharmaceuticals), and snap-frozen in liquid nitrogen. Slides from frozen sections were subsequently fixed in 4% paraformaldehyde and stained with H&E. Myocyte cross-sectional area was measured by wheat germ agglutinin staining on frozen sections. Fibrosis was measured using Masson's trichrome stain. Myocyte crosssectional area was obtained using ImageJ software. Fibrosis was quantified using Aperio ImageScope software.
Wound-healing assay. The dermal wound-healing assay was performed as previously described (57) . In brief, 6 mm wounds were created with a disposable biopsy punch (Integra Miltex) on the dorsal midline of anesthetized mice. Wounds were traced on transparent plastic sheets and measured to assess wound retraction and health. Wound tracings were analyzed by ImageJ software to measure surface areas.
Scratch assay. The fibroblast wound-healing assay was performed in isolated lung fibroblasts obtained from TREK-1-KO and WT mice. FibroGeneration of transgenic Drosophila. The cDNA encoding sandman were isolated by reverse transcription PCR (RT-PCR) from w1118 flies, subcloned into p-UAST, and verified by sequencing. Transgenic Drosophila harboring sandman under the control of upstream activating sequence (UAS) were generated by established methods (53) . Organ-specific expression of sandman was accomplished by genetically crossing UAS-sandman flies with those expressing tinC-gal4 (tinC>sandman, cardiac specific expression) or Actin5C-Gal4 (actin> sandman, ubiquitous expression).
Drosophila cardiac measurements using OCT. Cardiac function in adult Drosophila was measured using a custom-built optical coherence tomography (OCT) microscopy system (Bioptigen Inc.), as previously described (54) . Briefly, adult female Drosophila between 7 and 10 days after eclosion were briefly subjected to CO 2 , placed on a soft gel support, and allowed to fully awaken based on body movement. OCT M-modes were recorded, and images were processed using ImageJ software (NIH) using a 125 μm standard. End-diastolic dimension (EDD) and end-systolic dimension (ESD) were determined from 3 consecutive heartbeats. Heart rate was determined by counting the total number of beats that occurred during a 2.6-second or 5.2-second recording and calculating bpm. FS was calculated as follows: (EDD -ESD)/EDD × 100. FS was a calculation of the percentage change in cardiac chamber dimensions during contraction, and a decrease in FS was interpreted as a reduction in systolic function.
Experimental animals. Eight-to twelve-week-old control C57BL/6 WT mice and global TREK-1-KO mice were used for this study. TREK-1-KO mice were provided by Robert Bryan (Baylor College of Medicine, Houston, Texas, USA) (55) . For in vivo experiments, at least 4 animals were used to assess either a noninvasive or invasive parameter.
Generation of pressure overload and serial echocardiography. Pressure overload in mice was induced using methods previously described (32) . Serial echocardiography was performed on conscious mice from all groups with a Vevo 2100 high-resolution imaging system (VisualSonics), as previously described. Mice underwent either a sham or pressure overload procedure in a nonrandomized fashion. Two separate readers read all echocardiograms in an unblinded manner, and both read- lung fibroblasts plated on a 6-well cell-culture dish. Fibroblasts were serum starved overnight and then exposed to either epidermal growth factor (EGF) for 20 minutes or TGF-β for 40 minutes. Ex vivo cardiac stretch. Ex vivo cardiac stretch was performed using previously published methods (59) . An adequate cardiac stretch was defined as achieving an EDD pressure greater than 20 mmHg that was sustained for 30 minutes. One Kcnk2 fl/fl (cre negative) mouse was excluded due to inadequate cardiac stretch. Gene expression analysis. At study termination, hearts were snap-frozen in liquid nitrogen and stored at -80°C. RNA samples were prepared from LV tissue and were extracted using the RNeasy Microarray Tissue Mini Kit (QIAGEN) according to the manufacturer's instructions. mRNA expression of selected genes was carried out by real-time quantitative RT-PCR with a Bio-Rad CFX96 machine. All reactions included a GAPDH internal standard.
Immunoblotting. Tissue samples were homogenized in Nonidet P-40 (NP-40) lysis buffer containing 20 mM Tris (pH 7.4), 137 mM NaCl, 1% NP-40, 20% glycerol, 10 mM PMSF, 1 mM Na 3 VO 4 , 10 mM NaF, aprotinin (2.5 mg/ml), and leupeptin (2.5 mg/ml). Protein concentrations were assayed with Bio-Rad protein assay reagent, and 80-100 μg protein was denatured by heating at 95°C for 5 minutes before resolving by SDS-PAGE. The following dilutions of primary antibody were used: phospho-JNK (1:800; catalog V7931, Promega); total JNK (1:1,000; catalog sc-571, Santa Cruz Biotechnology Inc.); Bax (1:1,000; catalog 2772, Cell Signaling Technology); Bcl-2 (1:1,000; catalog 2872, Cell Signaling Technology); phospho-p38α (1:1,000; catalog 9211, Cell Signaling Technology); total phospho-p38α (1:1,000; catalog 9212, Cell Signaling Technology); phospho-SMAD3 (1:800; catalog ab52903, Abcam); and total SMAD2/3 (1:1,000; catalog 3102, Cell Signaling Technology). Detection was carried out by an enhanced chemiluminescence detection system (Amersham Biosciences). Densitometric analysis was performed with Bio-Rad Fluor-S MultiImager software.
Conditional TREK-1 mouse creation. The conditional TREK-1-KO (Kcnk2) mouse was generated by Cyagen Biosciences. TREK-1 was targeted for homologous recombination in C57BL/6 embryonic stem blasts of each genotype were plated on a 6-well dish that was coated with poly-d-lysine (Millipore). Cells were starved in serum-free medium for 48 hours prior to scratch. A scratch was applied in each well, and serial images were obtained at 37°C on a Zeiss Axio Observer inverted microscope with stage incubator, CO 2 buffering, and outer environmental chamber. A CoolSNAP ES2 camera was used for acquisition, and the system was controlled by MetaMorph, which captured pictures at a ×10 objective every 2 hours. Percentage of closure was determined by (a) inscribing a region of interest over the initial scratch area and (b) measuring the area from the leading edge within the region of interest. Two separate readers analyzed serial images using ImageJ software, and the data were averaged.
Myocyte-fibroblast fractionation. LVs were harvested from mice and digested and resuspended in 2 ml dispersion media. The cell suspension was transferred to a 15 ml centrifugation tube on top of discontinuous Percoll gradients. After 45 minutes at 1800 g centrifugation, the myocytes and fibroblasts were separated as previously described (58) .
Myofibroblast transdifferentiation and fibroblast dose response. Primary fibroblast cultures were obtained from lung tissue from either adult WT or TREK-1-KO mice that were 8 to 10 weeks of age. Lung tissue was minced into 1 mm pieces in 0.5 ml PBS. Minced tissue was then digested in an enzyme buffer containing collagenase (Roche) and DNAase I (Roche) and incubated at 37°C for 15 to 20 minutes. Cells were then transferred to a Falcon tube containing 5 ml of ice-cold FBS. The remaining cell suspensions were passed through a 70 μm mesh nylon and centrifuged at 478 g for 5 minutes; the supernatant was then aspirated. Fibroblast suspensions were then resuspended in 2 ml DMEM with 15% FBS and penicillin/streptomycin and plated. Both myofibroblast transdifferentiation and ligand dose-response studies were performed on lung fibroblasts after 3 to 4 passages. Myofibroblast transdifferentiation was assessed using previously published methods (57) . In brief, cultured lung fibroblasts were treated with either vehicle or 10 ng/ml TGF-β. After 48 hours, cells were fixed in 4% paraformaldehyde. Fibroblasts were incubated for 1.5 hours at room temperature with SMA antibody (1:1000, mouse monoclonal, MilliporeSigma), as previously described (57) . Ligand dose-response experiments were conducted on 
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DMA, TEL, LJW, SF, GSP, SHS, MJW, and HAR participated in experimental design and interpretation of the data. DMA, TEL, LJW, SF, LM, GC, and HGW performed experiments. DMA, TEL, LM, LJW, SHS, HGW, and SF analyzed experiments. DMA, TEL, LJW, LM, GC, HGW, SF, GSP, SHS, MJW, and HAR wrote or edited the manuscript. cells, with loxP sites introduced before exon 2 and after exon 3 (Figure 5A) , and a loss-of-function mKcnk2 gene was generated by introducing a frameshift mutation. To engineer the targeting vector, the 5′ homology arm, 3′ homology arm, and conditional Kcnk2-KO region were amplified from BAC DNA and confirmed by end sequencing. In the targeting vector, Frt sites flanked the Neo cassette and LoxP sites flanked the conditional KO region. The conditional KO allele was obtained after Flp-mediated removal of the Neo selection marker. Cardiac-specific Kcnk2-KO mice were generated by crossing the Kcnk2 fl/fl mice with aMHC-cre mice. Cardiomyocyte Kcnk2 KO was confirmed by real-time PCR to assess Kcnk2 in cardiomyocyte preparations (Supplemental Figure 10 ). Fibroblast-specific Kcnk2 KO was achieved by crossing the conditional Kcnk2 KO with tcf21-inducible cre recombinase-expressing mice (tcf21-iCre), provided by Michelle Tallquist (University of Hawaii, Honolulu, Hawaii, USA) (60) . Tcf21-iCre expression was induced by injecting tamoxifen i.p. into tcf21-iCre;Kcnk2 fl/fl mice for 10 days. All mouse strains were on the C57BL/6 background. Variation in human TREK1. The study population for the human genetic association study was from the CATHGEN study, which consists of individuals recruited sequentially through the cardiac catheterization laboratories at Duke University Medical Center (61) . SNP data were obtained from GWAS (Illumina Omni1-Quad Infinium Bead Chip) (62) . SNPs within and 5 kb upstream and downstream from human TREK1 were analyzed (74 directly genotyped and 304 imputed SNPs in the European Americans and 82 directly genotyped and 310 imputed SNPs in African Americans). Cardiovascular phenotypes analyzed included the following: systolic blood pressure (n = 2313), LV ejection fraction (n = 2862), and echocardiographic variables (n = 993, left atrial diameter, LV PWT, ventricular SWT, and LVH [defined as an ordinal trait with 4 categories from none to severe, n = 1143]). Multivariable linear regression with additive, dominant, and recessive models of risk, adjusted for age, sex, hypertension, diabetes status, smoking status, number of diseased vessels, and body mass index were used for analysis (systolic blood pressure was not adjusted for hypertension). Significance was defined as α = 0.05 unadjusted for multiple comparisons. Analyses were performed using SAS V9.4. All SNPs were in Hardy-Weinberg equilibrium.
Statistics. Data are summarized as mean ± SEM. Statistical analysis was performed with the GraphPad Prism Software Package, version 6.0 (GraphPad Inc). In comparisons performed against a sham condition (with a hypothetical value of 1), a 1-sample, 2 tailed t test or Wilcoxon's signed rank test was used. Comparisons between 2 groups that were not normally distributed were made using Mann-Whitney U test with
